Metastasis: Alone or Together?
Recent studies of carcinoma progression reveal the distinct routes of dissemination of discrete carcinoma cell populations and suggest that melanoma cell dissemination is linked to differentiation rather than stemness status.
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Classical models of tumor invasion and metastasis implicate the progressive accumulation of genetic and epigenetic alterations in the generation of locally invasive and metastatic tumors. Although clonal in origin, malignant cells rapidly become heterogeneous and coexist with a variable amount of stroma in the tumor. The original dogma was that a small subset of clones becomes susceptible to progress and acquire a metastatic potential [1] . It was later shown that similar clusters of gene expression profiles can be found at different stages of tumorigenesis, suggesting that the metastatic potential was acquired at an early stage by the whole tumor rather than by a subset of malignant cells [2] . More recent studies have revealed that some malignant cells in the primary tumor activate, in part, a complex signaling program to colonize specific organs and subsequently form macrometastases [3] . None of these studies, however, has thoroughly analyzed cell behavior in a primary tumor mass during its expansion. New imaging techniques have captured the behavior of endothelial cells in situ during tumor angiogenesis [4] , as well as the behavior of other stromal and malignant cells [5] .
Intravital imaging, using multiphoton microscopy, considerably reduces fluorophor bleaching and the production of oxygen radicals and allows for the visualization of different cell behaviors. At the same time, increasing the optical resolution via second harmonic generation allows for the detection of extracellular matrix (ECM) fibers containing helical proteins, such as collagen. With these techniques, studies have demonstrated that some carcinoma cells have a much higher speed of locomotion in vivo than in 2D or 3D in vitro motility. Also, continuous monitoring of carcinoma cell migration within the extracellular environment has revealed an amoeboid mode of movement of solitary cells that loosely interact with ECM fibers via focal complexes and do not induce tension in cells: carcinoma cells can therefore reach blood vessels and intravasate [5] .
Using a similar intravital imaging approach, new findings from Sahai and colleagues [6] have revealed that rat mammary MTLn3 metastatic adenocarcinoma cells, when transplanted into the fat pad of wild-type mice, migrate either as cell collectives or as solitary cells. The solitary cells, constituting about 5% of the carcinoma, move much more rapidly (150 mm/h) than the compact cell clusters and intravasate into blood vessels, whereas cells in clusters preferentially invade the proximal inguinal lymph nodes where they remain mostly immobile. This transient acquisition of motility was found to be driven by transforming growth factor b (TGFb) signaling, particularly for the solitary cells, which had undergone an epithelialmesenchymal transition (EMT) [7] . Interestingly, the TGFb signaling effector Smad2 was localized to the nucleus in these cells, although this localization was transient because metastatic cells, forming large clusters in lymph nodes and in the lung, have a cytoplasmic localization of Smad2. The transient nature of TGFb signaling was confirmed with a TGFb-dependent reporter gene; however, TGFb signaling was found to be active in some non-migratory cells, suggesting that TGFb signaling may be necessary but not sufficient to induce motility. In vitro studies confirmed that TGFb can induce EMT in carcinoma cells, whereas epidermal growth factor (EGF), not TGFb, triggered collective cell migration.
TGFb target genes involved in the switch from collective to single cell motility were identified, including the small GTPases RhoA and RhoC, which are both important for actomyosin contractility; EMT could only be inhibited when both small GTPases were depleted by siRNA. Furthermore, knockdown of the TGFb targets MRIP, Farp-1, c-Jun or the EGF receptor also reduced cell scattering. Some TGFb target genes were implicated in the regulation of adherens junctions, whereas others may be instrumental in the control of individual cell locomotion, such as Nedd9, which promotes actin polymerization, or EGF signaling, which can induce directional migration. Work from the laboratories of Gertler and Condeelis [8] has shown that a splice variant of Mena, a member of the Ena/VASP family of actin regulators, is overexpressed in a subpopulation of tumor cells invading the extracellular environment. More specifically, Mena accumulates at sites of protrusions and invadopodia, and its overexpression renders the cells more sensitive to EGF, a motogen and chemoattractant for cancer cells [8] . In the new study, Sahai and colleagues [6] have confirmed that the blood-borne dissemination of single cells to the lung requires TGFb signaling, whereas lymph node invasion is not affected by inhibition of TGFb signalling, for example by expression of a dominantnegative TGFb receptor or following knockdown of Smad4 in the carcinoma cells. TGFb has been implicated as a major driver of carcinoma progression [9] and many carcinoma cell lines undergo EMT in response to TGFb. Interestingly, TGFb expression must be transient to permit growth at the secondary site: its sustained activation inhibits growth, perhaps by inducing tumor dormancy [10] .
The stromal components of tumors play a major role in providing growth/ scattering factor signaling and the appropriate microenvironment for invasive growth [11] . Elegant studies have pointed to the role for resident macrophages in the stimulation of migration of solitary carcinoma cells [12] . A reciprocal interaction has been uncovered whereby macrophages secrete EGF and stimulate carcinoma cell migration, and carcinoma cells produce colony-stimulating factor 1 (CSF-1) and promote macrophage migration. In vivo, pioneer macrophages lead carcinoma cells toward blood vessels, and intravasation involves the continuing participation of macrophages. The interaction between carcinoma cells, endothelial cells and macrophages has now been documented in breast carcinoma specimens [13] .
The new findings from Sahai and colleagues [6] , in conjunction with previous studies by Condeelis and colleagues [5] , are illustrated in Figure 1 . Collective and solitary cells disseminate through the lymphatic and blood vessels, respectively. Solitary cells delaminate from the carcinoma cell cluster as a result of EMT, which is induced by TGFb, possibly produced by the surrounding stromal mesenchymal cells. EGF, produced by surrounding macrophages, may act as a motogenic and chemotactic factor to direct these solitary carcinoma cells to the proximal blood vessels. The mechanisms by which the collective migration of carcinoma cells operate have been less clearly characterized in vivo. The role of metalloproteases in remodeling the ECM has been documented in studies using 3D matrices in vitro. Additionally, hepatocyte growth factor and the chemokine stromal-derived factor 1 (SDF-1) promote collective migration of squamous carcinoma cells in vitro. In contrast, well-defined mechanisms that drive collective cell migration in development have been described, such as during the formation of Drosophila trachea, which is controlled by fibroblast growth factor signaling, and during SDF-1-stimulated formation of the lateral line in zebrafish [14] .
In another study using intravital imaging, Sahai and colleagues [15] have also made the critical observation that motile cells in melanoma xenografts are much less pigmented than immobile cells; these observations were made possible in vivo because pigmented cells, epi-illuminated with near infrared wavelengths, emit visible light. Cells that had recently intravasated into the blood vessels were also much less pigmented. In contrast, stationary melanoma cells residing in proximal lymph nodes were pigmented. The authors have taken advantage of the fact that the bipartite DNA-binding protein Brn2/POUF2 is known to be expressed in non-pigmented melanoblasts. A GFP reporter driven by a Brn2 promoter revealed that the non-pigmented TGFb signaling is activated in carcinoma cells delaminating from the primary carcinoma cell clusters and is denoted by cells with green nuclei (representing the nuclear localization of a Smad2-GFP reporter). These cells preferentially intravasate into blood vessels. Cells with nuclear-localized Smad2 can be detected in the lung parenchyma following extravasation. Sustained TGFb signaling inhibits metastatic growth, perhaps by activating tumor dormancy. Carcinoma cells in large metastatic tumors do not express nuclear Smad2. Lymph vessels are invaded by cells in clusters, which can also be detected in the proximal lymph node. TGFb signaling is not activated in cell clusters. Macrophages guide carcinoma cells to blood vessels. Macrophages and solitary carcinoma cells interact reciprocally for the activation of CSF1 receptor and EGF receptor, respectively. Other stromal cells and the ECM play an important role in promoting cell migration, cell invasion and guidance. melanoma cells could be reversibly converted into pigmented melanoma cells, although the conversion toward the pigmented state is favored. Thus, invasive melanoma cells are in a metastable state allowing them to migrate or become stationary according to the local environment. TGFb signaling was directly controlling the pigmented status of melanoma cells by regulating Brn2 expression. However, both the pigmented and the non-pigmented populations exhibit similar clonogenicity in vitro and in vivo, and therefore the undifferentiated state may not be enriched with tumor-initiating cells.
These two new studies from Sahai and colleagues [6, 15] provide new clues for unraveling the mechanisms driving metastasis in heterogeneous primary tumors. The findings further emphasize that distinct populations of solitary cells can transiently acquire the ability to migrate and the invasive machinery necessary to disseminate through blood vessels. Intriguingly, lymph node metastasis, hypothesized here to occur by collective cell migration, is well known to be independent of dissemination via blood vessels and is the preferred mode of dissemination for some tumors, such as head and neck carcinoma. In breast cancers that exhibit these two types of invasion, the lymph node and bone marrow status are independent prognostic indicators. Micrometastatic carcinomas in bone marrow are better indicators of tumor recurrence than micrometastasis in sentinel lymph nodes, suggesting that EMT is a critical mechanism for blood-borne metastasis in breast and other types of carcinoma. Of note, this mechanism operates at early stages of carcinoma formation [16] [17] [18] . These findings prompt the need to develop more appropriate models to assess individual cell motility, since the current in vitro models that examine migration using poorly cross-linked 3D matrices and transplantation into the fat pad of mice may not fully mimic the highly reticulated stroma in human tumors [19] . Additional studies in human carcinoma are also essential in order to validate the role of collective cell migration in tumor dissemination. IMCB Auditory Cortex: Representation through Sparsification?
The recent discovery of combination-sensitive neurons in the primary auditory cortex of awake marmosets may reconcile previous, apparently contradictory, findings that cortical neurons produce strong, sustained responses, but also represent stimuli sparsely.
Ben D.B. Willmore and Andrew J. King Recent advances in neural recording techniques have led to a debate over the most fundamental principles of representation in the primary auditory cortex (A1). As researchers increasingly study A1 in awake animals in preference to their long-established anesthetized preparations, conflicting claims have been made about the responsiveness of the neurons found there and their selectivity for particular sound features. A recent study [1] may help to reach a consensus on this matter, by showing that some A1 neurons respond vigorously to certain complex stimuli, even when responses to the elements of those stimuli are weak or nonexistent. This suggests that nonlinear mechanisms in auditory cortex can result in highly selective, 'sparse' responses, but that these responses can still be strong for ecologically relevant stimuli.
